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Abstract: Numerous studies have analyzed the solid-set sprinkler irrigation system performance. However, in the literature 
the effect of the field borders irrigated by no-complete circle sprinklers has not been considered in the whole-field 
performance. The objectives of this study are 1) to characterize two different solutions to irrigate the field borders 
(full circle sprinkler equipped with a deflecting plate, DP, and partial circle sprinklers, PC); and 2) to calibrate and 
validate a ballistic model (Playán et al, 2006) to adequately simulate their functioning. Two types of experiments 
were designed. The firsts were carried out with an isolated sprinkler under no windy conditions and at three 
pressure levels (200, 300 and 400 kPa). The second experiments were performed in a square solid-set sprinkler 
layout (18 m by 18 m) under three operating pressures (200, 300 and 400 kPa) and two levels of wind speed (lower 
than 2 m s-1 and between 2 and 4 m s-1
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). The first experiments permit to characterize the radial water distribution 
pattern of the sprinklers and to estimate the drop size distribution parameters. The second experiments were 
designed to complete the calibration and validation of the model under windy conditions. Also, the experimental 
design allows the comparison of both solutions (DP and PC) under equal technical and meteorological conditions. 
The results indicate that PC sprinklers perform better (larger uniformity) than DP sprinklers to irrigate the field 
border and that the magnitude of the differences was affected by the wind intensity and its direction. The ballistic 
model calibrated and validated adequately simulate the PC sprinkler functioning. To reproduce the functioning of DP 
sprinklers the ballistic model has been modified to incorporate the energy dissipation of the jet when impacting the 
deflecting plate and its effect on the drop size distribution and on the drop trajectories. 
1. INTRODUCTION 
In the literature, numerous researchers have analyzed the solid-set sprinkler system quality (Tarjuelo et 
al., 1994; Playan et al., 2005; Dechmi et al., 2003a; Dechmi et al., 2003b). However, the irrigation of the 
field borders has not been addressed in the literature and its effect on the whole field-scale irrigation 
quality has not been considered. In fact, small field-scale and large sprinkler jet, load to significant losses at 
the borders. These problems can be solved by analyzing different field boundaries sprinklers solutions and 
selecting the most appropriate to each situation, or planting in this border crops that adapt to deficit 
irrigation. Typical solutions for field boundaries can be grouped as: 1) partial (circle) rotation sprinklers PC 
(commonly located at the field border) or 2) total rotation sprinklers equipped with a deflection plate DP 
(located several meters away from the field border). Each solution presents different uniformity challenges. 
The PC sprinklers are typically used at the field boundaries with normal situation (turn of 180º) and affect 
the half of the area irrigated with full circle sprinklers (FC). In plots limiting with roads, public authorities 
are currently regulating the minimum distance to the first sprinkler to distances ranging from 2 to 8 m from 
the road side. In these cases, partial circle sprinklers were not the best solution, and DP sprinklers become 
an interesting alternative. Deflectors with different shapes are currently used to curve the sprinkler jet so 
as to produce a wetted area with a straight line on one side. 
Computer simulation has proven to be a powerful tool for sprinkler irrigation design and management, 
due to the large number of involved processes and variables. Sprinkler irrigation system distributes water 
as discrete drops traveling through the air. Drop characterization is required to estimate the drops falling at 
a certain distance from the sprinkler. Drop diameter and velocity, as well as their trajectory until reaching 
the soil surface depend of several factors: type of sprinkler and nozzle, operational hydraulic parameters 
and environmental conditions where the irrigation sprinkler system is or will be implemented. Ballistic 
theory constitutes the most common modeling approach to sprinkler irrigation; nevertheless, till now it has 
not been possible produce a ballistic model ready for all possible cases: models must be calibrated for each 
group of specific conditions, nozzle diameter, operating pressure and wind speed, among others (Playán et 
al. 2006). 
The main objective of this study is to evaluate and simulate solid-set sprinklers irrigation of the field 
borders. This will address three specific objectives: 
1. Analyze the effect of the wind and working pressure on the water distribution for the different irrigation 
solutions of the field boundaries: 
a. The combination of partial circle (PC) sprinklers with full circle (FC) sprinklers. 
b. Full circle sprinklers equipped with deflecting plate (DP). 
2. Calibrate and validate the ballistic model parameters to adequately simulate their functioning. 
2. Material and Methods 
2.1. Field experiment 
The experiment was conducted in the CITA (Agrifood Research and Technological Center of Aragón) 
experimental farm. A series of field evaluations were carried out in isolated sprinklers and in a rectangular 
solid set arrangement. Fig. 1a shows the evaluated full circle sprinklers, FC, partial circle sprinklers, PC, and 
sprinklers equipped with a deflecting plate, DP. The deflecting plate is a commercial model installed by an 
irrigation equipment company, which has installed a large number of plates in the middle Ebro Valley, 
Spain. The surface of this deflecting plate is completely plane and was installed horizontal to the soil (Fig. 
1a). 
 In the experiments carried out with isolated sprinkler four radii of pluviometers were arranged around 
the sprinkler at distances from 0.5 to 16.5 m with an increment of 0.5 m. The pluviometry as a function of 
the distance from the sprinkler (radial water distribution pattern) was obtained from the four radii average. 
All the experiments performed with isolated sprinklers lasted for 2 hours and were performed under calm 
wind conditions. Each sprinkler was tested at three nozzle operating pressures: 200, 300 and 400 kPa. The 
sprinklers were located at 2m over the soil surface for all evaluation experiments. 
 
Fig. 1. Evaluated Field border sprinklers (a); Solid-set experimental plot (b). WDP and EDP correspond to the areas 
irrigated with DP sprinklers in the west and east orientations, respectively. WPC and EPC correspond to the areas 
irrigated with PC sprinklers in the west and east orientations, respectively. 
Fig. 1b shows the experimental plot designed for the evaluation of a rectangular solid set arrangement 
(18m x 18m). The water distribution of the PC sprinklers is the result of the overlapping between the PC 
and the adjacent FC (EPC and WPC in Fig. 1b). However, the water distribution of the field border irrigated 
with DP sprinkler corresponds only to the overlapping of the adjacent DP sprinklers (EDP and WDP in Fig. 
1b). The experimental design (Fig. 1b) permit to evaluate simultaneously, so under equal technical 
(pressure) and meteorological (wind) conditions, three types of sprinklers (FC, PC and DP). Experiments 
were performed under three different nozzle pressures (200, 300 and 400 kPa), and two levels of wind 
speed (lower than 2 m s-1 and between 2 and 4 m s-1
A total of 30 field evaluations of solid-set sprinkler irrigation system were conducted to study the 
applied water distribution. Each solid set experiment provides water distribution data for WDP, EDP, WPC 
and EPD.  During the irrigation event, the wind speed (W, ms
). The PC sprinklers were evaluated with double nozzle 
with 3.6 mm + 2.4 mm in size (PC(2noz)), and with single nozzle with 3.6 mm in size (PC(1noz)). Border 
solutions were evaluated considering the east and west jet sprinkler orientations. 
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The operating pressure Pa (kPa) was monitored at the sprinkler nozzle every 2 minutes by pressure 
transducers of the model Dickson PR150 (DicksonWare
) and wind direction measured at 2 m above 
ground level, were recorded every 5 minutes by a weather station located within an adjoining grassland 
plot. Comparisons between different solutions were performed based on CUC differences for different 
wind conditions. 
TM Addison, Illinois, USA). Working pressure was 
used to compute the gross irrigation water depth emitted by the sprinklers IDe
The irrigation quality was evaluated using the Christiansen's coefficient of uniformity, CUC, %, (Keller & 
Bliesner, 1990). 
 (mm) at each irrigation 
event by the orifice equation.  
𝐶𝑈𝐶 = 100 �1 − ∑ �Xi−X�pi=1
p X �         (1) 
where Xi
2.2. Model description, calibration and validation 
 is the individual depth of each catch can observation (mm), 𝑋 the average water depth (mm) 
collected in all catch cans and p the number of observations. 
The ballistic model presented in Playán et al. (2006) was used in this study to simulate water distribution 
patterns under different technical and meteorological conditions. To reproduce the functioning of DP 
sprinklers the model has been modified to incorporate the jet impact with the deflecting plate and its effect 
on the drop size distribution. The model was based on the ballistic theory to simulate the landing distance 
of different drop diameters resulting from a given sprinkler model, nozzle elevation and operating pressure 
in the absence of wind. The ballistic theory considers the wind effect as the main factor of the drops 
trajectory distortions (Fukui et al., 1980; Playán et al., 2006). Accordingly, a sprinkler is simulated as a 
device emitting drops of different diameters. It is assumed that sprinkler jet breaks down and drops are 
formed at a small distance, L, from the sprinkler nozzle. Along this distance, the jet or the drops movement 
follows the same parabolic trajectory while the resistance force acting on the water drop is considered 
negligible. Accordingly, the drops velocity can be expressed as: 
𝑉𝑧 = 𝑉0𝑧 − 𝑔𝑡;   𝑉𝑥 = 𝑉0𝑥;  𝑉𝑦 = 𝑉0𝑦        (2)   
where V is the drop velocity, V0 
𝑍 = 𝑍0 + 𝑉0𝑧𝑡 − 12 𝑔𝑡2;  𝑋 = 𝑋0 + 𝑉0𝑥𝑡;  𝑌 = 𝑌0 + 𝑉0𝑦𝑡     (3) 
is the initial drop velocity and t the time elapsed by the jet travel from the 
nozzle to the point of break down (where drops are formed) . Therefore, the three directional components 
of the drop positions are: 
where x, y, z are the coordinates referring to the ground (with origin at the sprinkler nozzle). 
In the case of sprinklers equipped with deflecting plate, the time elapsed by the jet travel depends on 
the height of the deflecting plate with respect to the nozzle (H): 
𝑡 = 𝑉0𝑧−�𝑉0𝑧2−2𝑔𝐻
𝑔
           (4) 
The following equation, determining the new distance, L’, between the nozzle and the jet impact at 
which the deflecting plate was introduced in the model: 
𝐿′ = (𝑉0𝑥2 + 𝑉0𝑦2)𝑡           (5) 
Furthermore, the laser precipitation technique (Playán et al. 2010) was used for the DP sprinklers to 
determine the new drops trajectory. Fig. 2 presents the deviation of the water drop trajectory caused by 
the jet impact with the deflecting plate. As a consequence, the majority of drops follow approximately a 
horizontal movement. Then, the drop velocity in the impact point can be expressed as: 
𝑉𝑧 = 0;   𝑉𝑥 = 𝑉0𝑥;  𝑉𝑦 = 𝑉0𝑦        (6) 
 
Fig. 2. The effect of the deflecting plate on the drop trajectory 
 It is assumed that drops travel independently until reaching the soil surface after the decomposition of 
the jet due to the resistance forces or to the impact with the deflecting plate. At this point, ballistic theory 
is used to determine the trajectory of each drop diameter subjected to an initial velocity vector and a wind 
vector. The action of gravity (acting in the vertical direction) and the resistance force (opposite to the drop 
trajectory) complete the analysis of forces acting on the water drop (Vories et al., 1987; Carrión et al., 2001; 
Dechmi et al., 2004). According to Fukui et al. (1980) the resistance force of the drop movement can be 
expressed as: 
𝐹𝑟 = 1
8
𝜌𝑎𝐶𝜋𝐷
2𝑉2           (7) 
where V is the drop velocity in the air, ρa 
The ballistic approach requires a preliminary determination of drop size distribution for a given sprinkler 
and a set of operating conditions. Playán et al (2006) used the following empirical model proposed by Li et 
al. (1994) and Kincaid et al. (1996) to fit the drop diameter distribution curve: 
the air density, D the drop diameter and C is a drag coefficient. 
𝑃𝑉 = �1 − 𝑒−0,693 ( 𝐷𝐷50)𝑛�  100          (8) 
where Pv is the percent of total sprinkler discharge in drops smaller than D, D50
In order to reproduce the deformation of the circular water application pattern produced by the wind, 
Seginer et al. (1991) and Tarjuelo et al. (1994) reported on the need to correct the drag coefficient 
following this expression: 
 the mean drop diameter, 
and n is a dimensionless exponent. The estimation of the parameters of this equation permits to 
characterize the drop diameter distribution resulting from a given sprinkler, nozzle diameter and operating 
pressure.  
𝐶′ = 𝐶 (1 + 𝐾1𝑠𝑒𝑛𝛽 − 𝑘2𝑐𝑜𝑠𝛼)         (9) 
where β is the angle formed by vectors V and U (the drop velocity with respect to the ground), α the angle 
formed by vectors V and W (the wind vector which is parallel to the ground surface), and K1 and K2 are the 
empirical parameters determined for each wind velocity conditions. The corrector coefficient K1 narrows 
the water distribution pattern symmetrically in the direction perpendicular to the wind, while K2
Firstly, the calibration process consisted on fitting the drop diameter distribution curve parameters, D
 displaces 
the wetted area in the wind direction, shortening the distance from the center of the wetted area to the 
sprinkler at the windward direction and lengthening more behind at the leeward direction. 
50
 Secondly, the calibration of the parameters K
 
and n to reproduce the radial water distribution pattern in the absence of wind. Two statistical indexes 
were used to compare measured and simulated water application patterns: the Root Mean Square Error 
(RMSE) and the coefficient of correlation (r).  
1 and K2 was performed once D50
The model validation consisted on simulating the irrigation events which were not used for calibration 
purpose. The experimental conditions were introduced in the model, and experimental and simulated 
values of CUC were compared for the different conditions. The validation experiment permits to evaluate 
the capacity of the model to reproduce irrigation events in technical and meteorological conditions 
different from the ones used for calibration but in the same range. From the 30 solid-set experiments, 12 
(12 for west orientation and 12 for east orientation) were used for model calibration of K
 and n model parameters 
were calibrated. For this, experimental solid-set water distribution patterns under different wind conditions 
were used. The dominant wind speed and wind direction were determined for each irrigation events in 
order to incorporate it to the model. The comparison between measured and simulated water depth 
distributions was established in terms of the two above-mentioned indexes (RMSE and r) and the absolute 
difference between observed and simulated CUC (ΔCUC(%)).  
1 and K2
3. Results and discussions 
, 18 (18 
for west orientation and 18 for east orientation) for model validation in calm and moderate windy 
conditions.  
3.1. Evaluation of the field border irrigation 
Table 1 presents the emitted and collected irrigation depths for the different sprinkler solutions to 
irrigate field boundaries. The emitted irrigation depth (IDe
Table 1. The emitted and collected irrigation depth (mm h
) in the border zone irrigated by DP sprinklers is 
58% higher than that applied in the zone irrigated by FC sprinklers. It has to be noted that the irrigated area 
considered for the DP solution was the distance between DP adjacent sprinklers (18 m) and the distance 
between the DP sprinkler and the last pluviometer receiving water (6 m).  
-1
IDe   (mm h
) for the different evaluated zone, and the 
percentage of difference with FC sprinklers (Diff. with FC, %) 
-1) 
Pressure 
(kPa) 
FC PC(1noz) PC (2noz) DP 
200 4.3 4.4 5.3 6.8 
300 5.2 5.3 6.5 8.3 
400 6.1 6.1 7.5 9.5 
Diff. with FC (%) 1.7 24.5 58.0 
IDc   (mm h-1) 
Pressure 
(kPa) 
FC EPC (1noz) WPC (1noz) EPC (2noz) WPC (2noz) EDP WDP 
200 4.0 3.3 3.6 4.2 4.2 5.7 3.8 
300 4.8 4.1 4.2 5.0 4.9 6.5 5.1 
400 5.3 4.6 4.8 5.6 5.6 7.2 5.8 
Diff. with FC (%) -15.6 -10.7 6.7 6.3 37.3 4.0 
 
Although the considered distance to the border was 9 m the last 3 m did not received water. 
Furthermore, the emitted irrigation depth of the PC sprinklers is 1.7% and 24.5% higher than the FC 
sprinklers, when equipped with single and double nozzle, respectively.  
The magnitude of differences of the collected irrigation depth between the FC zone and the DP zone is 
greatly affected by the deflecting plate orientation, especially when the wind direction is contrary to the jet 
trajectory (IDc 
Table 3 and Table 4 present the characteristics of the field experiments for PC and DP sprinklers. In calm 
conditions, the water distribution uniformity resulted from the PC sprinklers was higher for PC sprinklers 
than for DP sprinklers. In windy conditions, the water distribution in areas equipped with DP sprinklers is 
greatly affected, while the water distribution in areas equipped with PC sprinklers (single or double nozzles) 
is slightly affected. The operating pressure in the studied range does not have a differential effect between 
different solutions (PC and DP). 
of EDP and WDP, Table 1).  
In the field experiments with DP sprinklers, the wetted radius in the reflecting zone (when the jet is 
oriented on the deflecting plate) does not exceed 6 meters. As a consequence, all calculations of uniformity 
have been performed considering a maximum throw distance of 6 meters in the reflecting direction. As 
reported before, the reduction of the considered irrigated area greatly affects the IDe
 Fig. 3 shows the CUC differences (%) as a function of wind speed between areas equipped with FC and 
DP sprinklers (Fig. 3a) in both orientations, between areas equipped with FC and PC (1noz) sprinklers in 
both orientations (Fig. 3b), between areas equipped with PC (1noz) and DP sprinklers (Fig. 3c), in both 
orientation, between areas equipped with FC and double nozzle PC in both orientations (Fig. 3d) and 
between areas equipped with double nozzle PC and DP sprinklers (Fig. 3e). 
. 
 
Fig. 3. Evolution of the CUC differences (%) as a function of wind speed between FC and DP areas (a); between 
PC(1noz) and FC areas (b), between PC(1noz) and DP areas (c), between FC and PC(2noz) areas (d); and between 
PC(2noz) and DP areas (e), for the two evaluated orientations. 
The CUC differences between areas irrigated by FC sprinklers and areas irrigated by DP sprinklers are 
very important (Fig. 3a). As the wind speed increases, the CUC differences increase in the DP zone oriented 
against the predominant wind direction (WDP). However, the CUC differences decrease considering the DP 
zone with a jet oriented in the wind direction (EDP). 
The CUC differences as a function of wind speed between FC areas and PC areas, with single nozzle (Fig. 
3b) or double nozzles (Fig. 3d), are not relevant. As the wind speed increase, the CUC differences increase 
in the EPC area which is oriented on the predominant wind direction (in the case of single or double 
nozzles). Finally, in calm conditions, the CUC differences between zones equipped with DP sprinklers and 
zones equipped with PC sprinklers (1 or 2 nozzles) are very important (Fig. 3c y Fig. 3e). As the wind speed 
increases the CUC differences also increase between the last two solutions considering the areas where the 
jet trajectory is contrary to the predominant wind direction (WPC and WDP), while the CUC differences 
decrease between those solutions considering the areas in which the jet trajectory is in the same 
predominant wind direction (EPC and EDP). 
3.2. Calibration of D50
The model was run for 122 combinations of D
 and n 
50 and n. In these model runs the value of D50 ranged from 
1 to 2, while the value of n ranged from 1.5 to 3. However, in the case of DP sprinklers, the D50 ranged from 
0.5 to 1.5, while the value of n ranged from 1 to 2.5. The results of the calibration procedure are presented 
in Table 2. The correlation coefficients ranged from 0.86 to 0.99, with an average of 0.95, while the RMSE 
ranged from 0.28 to 3.29 mm h-1, with an average of 1.29 mm h-1. In general, the value of D50
Table 2. Results of the calibration parameters D
 decreases as 
the operating pressure increases.  
50
Sprinkler 
 and n for isolated sprinkler experiment 
Nozzle diameter (mm) Nozzle Pressure (kPa) D50 (m) n RMSE (mm h-1 r ) 
FC 
4.4+2.4 200 0,00170 2,25 0,28 0,99 
4.4+2.4 300 0,00140 2,25 0,49 0,98 
4.4+2.4 400 0,00130 2,25 0,48 0,98 
PC(1noz) 
3.6 200 0,00160 2,00 0,57 0,96 
3.6 300 0,00150 2,30 0,28 0,99 
3.6 400 0,00152 2,20 0,41 0,98 
PC(2noz) 
3.6+2.4 200 0,00140 2,00 0,65 0,98 
3.6+2.4 300 0,00130 2,10 1,54 0,96 
3.6+2.4 400 0,00120 2,20 1,44 0,96 
DP 
4.4+2.4 200 0,00100 1,75 2,82 0,89 
4.4+2.4 300 0,00090 1,75 3,29 0,90 
4.4+2.4 400 0,00110 1,45 3,22 0,86 
Fig. 4 presents the simulated and experimental water distribution pattern for the different isolated 
sprinklers at 300 kPa working pressure. The calibrated model reproduces adequately the water distribution 
pattern for the different evaluated sprinklers in the absence of the wind. The radial curve of the FC 
sprinkler (Fig. 4a) is more similar to the PC(1noz) sprinkler (Fig. 4b) than to PC(2noz) sprinkler (Fig. 4c) and 
over all to DP pattern.  
 
Fig. 4. Experimental and Simulated water distribution pattern (exp. and sim., respectively) for isolated FC sprinkler 
(a); PC(1noz) sprinkler (b); PC(2noz) sprinkler (c) and DP sprinkler (d) at 300 kPa. 
The effect of the jet impact, with the deflecting plate, on the water distribution was simulated and 
compared with those measured along one radius (Fig. 4d). The simulated water distribution in the 
reflecting zone slightly exceeds the distance of 6 meters, while the water distribution in the no reflecting 
zone is accurately reproduced. It was a complicated task to reproduce, accurately, the water distribution 
pattern on the reflecting zone, since the jet impact greatly affects the water drop trajectory.  
3.3. Calibration of K1 and K
Table 3 presents the optimum values of K
2 
1 and K2 for each of the calibration PC sprinklers experiments, 
with the resulting values of RMSE and r. In zone irrigated with PC(1noz) sprinklers, the correlation 
coefficients ranged from 0.30 to 0.80, with an average of 0.60, while the RMSE ranged from 1.00 to 1.90 
mm h-1, with an average of 1.47 mm h-1. In PC(2noz) zones, the r coefficient ranged from 0.17 to 0.91, with 
an average of 0.65, while the RMSE ranged from 0.96 to 2.19 mm h-1, with an average of 1.60 mm h-1
Table 3. Characteristics of the field experiments for the PC sprinklers and results of the model calibration  
.  
Pressure 
(kPa) 
WS      
(m s-1 Direction ) Use 
 WPC(1noz)  EPC(1noz) 
CUCe(%) ∆CUC(%) K1 K2 RMSE r CUCe(%) ∆CUC(%) K1 K2 RMSE r 
200 0.65 NNO v 84      78      
1.09 N v 81      75      
1.19 NNW c 75 1.8 0 0.7 1.6 0.3 71 0.1 0 0.8 1.67 0.35 
3.27 W v 63      54      
3.36 W c 69 1.1 1.2 0.7 1.03 0.77 60 1.1 0.3 0.5 1.55 0.58 
300 0.52 SE v 85      83      
1.54 SE v 80      84      
1.7 N c 79 1.2 0 0.6 1.8 0.51 79 1.1 0.3 0.4 1.36 0.6 
2.71 WSW v 75      65      
3.09 WSW c 74 0.6 1.5 0.5 1 0.86 62 0.8 0.6 0.2 1.18 0.86 
400 0.61 NNE v 86      89      
1.59 WSW v 83      79      
1.62 SSE c 80 0.1 1.2 0 1.5 0.68 85 1.3 0.6 0.4 1.6 0.35 
3.1 W v 75      68      
3.18 WNW c 76 1.3 1.2 0.5 1.9 0.73 65 5.4 2.4 0.8 1.48 0.69 
     WPC(2noz)  EPC(2noz) 
200 0.64 SE v 82      79      
1.57 ESE c 78 0.5 0 0.7 1.6 0.17 72 1.2 0.6 0.3 1.57 0.67 
1.62 SE v 81      76      
2.51 WNW c 74 0.5 0 0.7 1.6 0.71 78 1.9 0.9 0.8 1.5 0.17 
2.6 WNW v 70      74      
300 0.61 S v 86      83      
1 ENE c 85 1.3 0 0.4 1.4 0.62 84 0.1 0 0.3 0.96 0.63 
1.25 SSE v 85      78      
2.4 W c 71 1.2 2.1 0.6 1.6 0.91 63 0.7 0.9 0.3 1.7 0.85 
2.4 WSW v 70      63      
400 0.5 NE v 85      80      
1.21 S c 80 0.7 2.4 0.2 1.9 0.72 74 0.6 0 0.4 2.19 0.68 
1.36 S v 81      70      
3.13 W c 71 0.9 0.9 0.5 1.4 0.86 50 1.4 0.9 0.3 1.8 0.85 
3.21 W v 67      39      
 
 
Table 4 presents the optimum values of K1 and K2 for each of the calibration DP sprinklers experiments, 
with the resulting values of RMSE and r. The correlation coefficient ranged from 0.42 to 0.9, with an 
average of 0.75, while the RMSE ranged from 1.92 to 4.73 mm h-1, with an average of 3.21 mm h-
Fig. 5a presents a plot of experimental versus calibrated values of CUC (CUCe and CUCs, respectively) for 
the 12 calibration of PC and DP sprinklers experiments. For PC sprinklers, a regression lines were 
established with R
1. The goal 
of the calibration was to maintain low values of RMSE and high values of r, while producing accurate 
prediction of CUC. 
2
For DP sprinklers, a regression lines were established with R
 = 0.974. The regression slope and the intercept were not significantly different from 1 
and 0, respectively, at the 95% probability level. The CUC was accurately predicted with a standard error of 
1.50%. 
2
Table 4. Characteristics of the field experiments for the DP sprinklers and results of the model calibration  
 = 0.871. The regression slope and the 
intercept were different from 1 and 0, respectively, at the 95% probability level. The CUC was predicted 
with a standard error of 6.48%. The model shows difficulties to simulate accurately the water distribution in 
high windy conditions and for CUC values lower than 30%. Nevertheless, the model showed a good 
predictive capacity for the other CUC values. 
Pressure 
(kPa) 
WS 
 (m s-1 Direction  ) Use 
 WDP  EDP 
CUCe(%) ∆CUC(%) K1 K2  RMSE r CUCe(%) 
 
∆CUC(%) K1 K2  RMSE r 
200 0.64 SE v 62      59      
0.65 NNO v 53      62      
1.09 N v 52      62      
1.19 NNW c 48 3.5 4 1.5 2.96 0.74 59 8.7 7 1.5 2.02 0.8 
1.57 ESE c 60 7.1 10 5 3.23 0.71 34 2 0 1.5 1.92 0.84 
1.62 SE v 60      43      
2.51 WNW c 17 19.2 0 2.5 2.11 0.77 70 8.4 1 1 2.01 0.74 
2.6 WNW v 16      69      
3.27 W v 0      66      
3.36 W c 0 18.8 0 4 3.06 0.57 70 5.7 4 1 3.73 0.67 
300 0.52 SE v 53      63      
0.61 S v 54      62      
1 ENE c 51 2.3 7 1 3.8 0.83 57 3.5 0 1.5 2.64 0.79 
1.25 SSE v 54      49      
1.54 SE v 49      65      
1.7 N c 45 3.8 0 0 2.99 0.68 65 10 3 1.5 2.6 0.81 
2.4 W c 1 22.7 0 3.5 2.73 0.76 68 1.4 0 1 3.25 0.9 
2.4 WSW v 7      64      
2.71 WSW v 3      66      
3.09 WSW c 0 23.9 0 3 2.77 0.76 62 4.15 0 1 4.44 0.87 
400 0.5 NE v 62      66      
0.61 NNE v 56      66      
1.21 S c 56 1.7 3 2.5 4.73 0.77 59 8.16 5 0 3.26 0.73 
1.36 S v 58      56      
1.59 WSW v 36      61      
1.62 SSE c 60 1.7 6 2.5 4.5 0.83 56 2.8 0 0 3.39 0.55 
3.1 W v 24      65      
3.13 W c 0 26.5 0 4.5 2.86 0.78 64 0.5 0 0.5 4.68 0.83 
3.18 WNW c 0 24 0 3 2.67 0.85 66 2.5 1 0 4.68 0.42 
3.21 W v 0      63      
 
 
3.4. Model validation 
The model was validated with data from the series of experiments in windy conditions, not used for the 
calibration process, and from the series of experiments in the absence of the wind. Fig. 5b shows a scatter 
plot of experimental versus simulated CUC for the validation experiments of DP and PC sprinklers.  
 
 
Fig. 5. Experimental vs. calibration coefficients of uniformity (CUCe and CUCc, respectively) for the PC and DP 
sprinklers (a) and experimental vs. validation coefficients of uniformity (CUCe and CUCv, respectively) (b). The dashed 
line represents the 1:1 relationship. 
For PC sprinklers, a regression analysis for the validation experiments proved significant relationship (R2 
= 0.812), and revealed that the regression slope and the intercept were not significantly different from 1 
and 0, respectively (95% probability level). The standard error of CUC estimation was 4.54%. For DP 
sprinklers, the statistical analysis showed a correlation coefficient of R2 
The model showed some limitations to simulate the water distribution of DP sprinklers, especially for 
low values of CUC associated with windy conditions. Further research will be required to determine the 
drop water movement caused by both effects and to extend them to different deflecting plate shapes. 
= 0.58 and the regression slope 
statistically differed from one. The standard error of CUC estimation was 9.18%. 
4. Conclusion and Recommendation 
The conclusions of the experimental comparison study are the following:  
1- In windy conditions, the water distribution in areas equipped with DP sprinklers is largely affected, 
than those equipped with PC sprinklers (single or double nozzles). 
2- From the point of view of irrigation quality, the partial circle sprinklers equipped with one nozzle 
represent the best solution among those tested, since the CUC differences and the IDe
3- The deflecting plate orientations respects to the wind have a clear effect on the irrigation 
uniformity in windy conditions. In areas with predominant wind directions, as is the case of the 
middle Ebro valley, where the west-northwest wind direction is predominant, the sprinklers 
equipped with deflecting plate (as a border solution) should be installed on the areas where the 
reflected jet trajectory is going in the same direction as the predominant wind. In any other 
boundaries, the DP solutions will lead to mediocre results. 
 differences 
between FC and PC(1noz) sprinklers resulted not relevant.  
4- With regard to the model, the resulting ballistic model has proven to have a satisfactory predictive 
capacity of CUC for PC sprinklers. However, the model presented some limitations to predict the 
low values of CUC for DP sprinklers in windy conditions. The drop movement could be significantly 
affected by the simultaneous combined effect of the deflecting plate impact and the wind drift. 
Further research efforts should be devoted to clarify these issues. 
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